Tetrasubstituted (Z )-alkenes were readily prepared through the Horner-Wadsworth-Emmons reactions of methyl 2-[bis(2,2,2-trifluoroethyl)phosphono]propionate with aryl alkyl ketones by employing Sn(OSO 2 CF 3 ) 2 and N-ethylpiperidine.
We have recently reported a new approach to the stereoselective HWE reaction of methyl bis(2,2,2-trifluoroethyl)-phosphonoacetate (1) 2) or ethyl 2-fluoro-2-diethylphosphonoacetate 3) with aryl alkyl ketones by using Sn(OSO 2 CF 3 ) 2 and N-ethylpiperidine. [4] [5] [6] [7] [8] While a number of methods have been developed for the stereoselective synthesis of alkenes, few accounts have appeared in the literature describing the convenient preparation of tetrasubstituted (Z )-alkenes with excellent selectivity. [9] [10] [11] [12] [13] We have already presented a facile method for obtaining tetrasubstituted (E )-fluoroalkenes. 5) Herein we describe a stereoselective synthesis of tetrasubstituted (Z )-alkenes based on the HWE reactions of methyl 2-[bis(2,2,2-trifluoroethyl)phosphono]propionate (2) with aryl alkyl ketones 3a-h, as shown in Chart 1.
Phosphonate 2 2, 14) was prepared by the methylation of phosphonate 1 with tert-BuOK and MeI in 53% yield. The reactions of phosphonate 2 with aryl alkyl ketones 3a-h using Sn(OSO 2 CF 3 ) 2 and N-ethylpiperidine were examined. All results are summarized in Table 1 . Treatment of 2 with phenyl ethyl ketone (3b) at 0°C produced tetrasubstituted (Z )-alkene 4b with an E : Z ratio of 6 : 94, and in 38% yield (Table 1, entry 3) . A significant improvement in the yield (86%) and a similar Z-selectivity (E : Zϭ7 : 93) were found in the reaction of 2 with 3b under reflux (Table 1, entry 2). In the HWE reactions of aryl alkyl ketones 3a-c, e, f, the stereoselectivities were in a range of E : Z ratios of 8 : 92-3 : 97, as shown in Table 1 . No reaction occurred in the case of ketone 3d bearing a bulky tert-butyl group (Table 1, entry  5) . Each reaction of aryl alkyl ketones 3g, h having an electron-withdrawing nitro group on the aromatic moiety, proceeded even at 0°C, but resulted in a lower stereoselectivity (E : Zϭ25 : 75 or 27 : 73) ( Table 1 , entries 8 and 9). In the HWE reactions employing NaH, the E : Z stereoselectivities of the products were moderate, with ratios of 41 : 59-11 : 89, as listed in Table 2 . It is worth noting that the reaction of ketone 3c bearing a relatively bulky isopropyl group did not occur under the NaH conditions (Table 2 , entry 4), while it readily proceeded under the Sn(OSO 2 CF 3 ) 2 conditions (Table 1 , entry 4). The Sn(OSO 2 CF 3 ) 2 -mediated HWE reactions therefore seem to proceed in a chelation-controlled manner as we have proposed in a previous report, whereas the NaH-mediated HWE reactions proceed in a non-chelation-controlled manner.
4) The geometry of 4a-c, e-h was confirmed by 1 H-1 H nuclear Overhauser effect (NOE) (400 MHz, CDCl 3 ) experiments. The E : Z ratios of 4a-c, e-h were determined by utilizing 1 H-NMR analysis (400 MHz, CDCl 3 ).
As mentioned above, the HWE reactions of phosphonate 2 with various aryl alkyl ketones 3a, b, e-h under the NaH conditions gave tetrasubstituted (Z )-alkenes 4a, b, e-h with moderate selectivity. However, the Z-selectivities of tetrasubstituted alkenes under the NaH conditions were better than the prediction from the viewpoint of the previous results re- Chart 1 garding the stereoselective synthesis of trisubstituted (Z )-alkenes. 4) In order to compare the stereoselectivity of phosphonate 2 with that of phosphonate 1 toward aryl alkyl ketones, the HWE reactions of ketones 3b, g, h with phosphonate 1 using NaH were examined. The results showed that the Z-selectivity of tetrasubstituted alkenes 4b, g, h (E : Zϭ 12 : 88, 15 : 85, or 25 : 75) were superior to that of trisubstituted alkenes 5b, g, h (E : Zϭ41 : 59, 35 : 65, or 34 : 66), respectively, as shown in Tables 2 and 3 . A CH/p attraction between the a-methyl group of phosphonate 2 and the phenyl group of ketones 3b, g, h may participate in the transition state for the formation of pro-(Z )-oxyanion intermediates. [15] [16] [17] However, the mechanism governing the stereoselective outcome giving tetrasubstituted alkenes 4b, g, h under NaH conditions is not yet clear. The geometry and the diastereomer ratios of 5b, g, h were confirmed on the basis of 1 In summary, we have demonstrated that the Sn(OSO 2 CF 3 ) 2 -mediated HWE reactions are applicable to the stereoselective synthesis of tetrasubstituted (Z)-alkenes. Clarification of the details of the reaction mechanisms of the stereoselective HWE reactions is currently underway in our laboratory.
Experimental
All melting points were determined on a Yanaco micro melting point apparatus and are uncorrected. IR spectra were obtained using a Perkin-Elmer 1720 or JASCO FT/IR-420 IR Fourier transform spectrometer. . The usual workup refers to washing an organic portion with brine, drying it over anhydrous MgSO 4 , filtration, and concentration in vacuo. Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl under N 2 . N-Ethylpiperidine and CH 2 Cl 2 were distilled from CaH 2 . All other solvents were distilled prior to use. All reagents were used as purchased.
Methyl 2-[Bis(2,2,2-trifluoroethyl)phosphono]propionate (2) To a solution of tert-BuOK (1.9 g, 17.0 mmol) in THF (20 ml) was slowly added methyl bis(2,2,2-trifluoroethyl)phosphonoacetate (1) (3.0 ml, 14.2 mmol) at 0°C under nitrogen. The mixture was stirred at 0°C for 30 min under nitrogen, and methyl iodide (4.42 ml, 70.9 mmol) was slowly added at 0°C. After being stirred at room temperature for 14 h under nitrogen, the reaction mixture was treated with an aqueous solution saturated with NH 4 Cl and then extracted with AcOEt (50 mlϫ3). The extract was submitted to the usual workup to give an oily residue, which was purified by column chromatography on silica gel [n-hexane/AcOEt (2 : 1)] to afford 2 (2.22 g, 53%) as a colorless oil. 2 To a suspension of Sn(OSO 2 CF 3 ) 2 (309 mg, 0.74 mmol) in anhydrous CH 2 Cl 2 (5 ml) was added a solution of phosphonate 2 (206 mg, 0.62 mmol) in anhydrous CH 2 Cl 2 (3 ml) and stirred at room temperature for 5 min under argon. After adding of N-ethylpiperidine (110 ml, 0.68 mmol), the mixture was stirred at 0°C for 1 h under argon, and phenyl ethyl ketone (3b) (59 ml, 0.44 mmol) was slowly added to the refluxing solution. After being refluxed for 20 h under argon, the reaction mixture was poured into H 2 O (5 ml) and then extracted with CHCl 3 (20 mlϫ3). To the CHCl 3 extract was added nhexane (120 ml), and the mixture was submitted to filtration through a silica gel short column [n-hexane/CHCl 3 (2 : 1)]. The filtrate was evaporated in vacuo to afford a crude product 4b (E : Zϭ7 : 93), which was purified by column chromatography on silica gel [n-hexane/Et 2 O (25 : 1)] to afford E-4b (6.3 mg, 7%) and Z-4b (81.1 mg, 79%) as a pale yellow oil and a colorless oil, respectively.
Typical Procedure for the HWE Reaction with NaH To a suspension of NaH (abs. 60% in oil, 22 mg, 0.55 mmol) in anhydrous THF (5 ml) was added a solution of phosphonate 2 (207 mg, 0.62 mmol) in anhydrous THF (3 ml) at 0°C. The mixture was stirred at 0°C for 1 h under argon, and phenyl ethyl ketone (3b) (49 ml, 0.37 mmol) was added to the refluxing solution. After being refluxed for 20 h under argon, 5% HCl (15 ml) was added and then extracted with Et 2 O (20 mlϫ3). The extract was submitted to the usual workup to give a crude product 4b (E : Zϭ12 : 88), which was purified by column chromatography on silica gel [n-hexane/Et 2 O (25 : 1)] to afford E-4b (6.6 mg, 9%) and Z-4b (45.6 mg, 61%) as a pale yellow oil and a colorless oil, respectively.
Methyl (E)- (2H, q, Jϭ7.3 Hz), 3.80 (3 H, s), 7.09-7.12 (2H, m), 7.28-7.38 (3H, m) 
